applicable to lower main-sequence secondary stars, with q = 1.1. For a mass ratio range of 0.1"$ M/Mp "$ 0.8, the mean radius of the secondary's Roche lobe obeys
M (RL)
where D is the orbital separation. The orbital period, P, can be related to Ms by using (2) and (3), together with the Keplerian equation The result can be expressed as (4) (5) It follows that P ;C; 4 h corresponds to Ms ;C; 0.4 M0 and then, for a range of M p ' (1) yields IMs I -10-10 M0 yr -I. However, observations of binaries with such periods often suggest mass transfer rates at least an order of magnitude larger than this. Hence a mechanism stronger than gravitational radiation is required to drive mass transfer in systems with P ;C; 4 h. It was pointed out by Mestel (1968) that a main-sequence secondary star in a binary would have a wind flow from its surface, similar to that from single stars. The presence of a moderate stellar magnetic field would result in some channelling of the flow, with a consequent braking torque on the star. However, in a binary system tidal torques keep the secondary's rotation close to orbital synchronism. As the magnetic braking torque removes orbital angular momentum from the star, driving it towards an under-synchronous state, tidal coupling to the orbit replaces this loss in keeping the system near corotation. This results in a continuous removal of orbital angular momentum. Verbunt & Zwaan (1981) applied the foregoing mechanism to derive an expression for the consequent mass transfer rate. Rather than directly applying magnetic braking theory, they estimated the magnetic torque by using the Skumanich (1972) spin-down law for single stars. This law was inferred from observations of the spin evolution of stars in the Hyades and Pleiades clusters, which gave Os(t) = 2 x 10 12 R;-l t-1f2 s-1 (6) for the stellar angular velocity. Assuming that magnetic braking is the principal cause of (6), and that the same law applies to the braking of a binary secondary star, leads to Ms = -5 X 10-9 (~21) (:0) (4 ~~It) M0 yr-I, (7) where kRs is the radius of gyration and It = M.lM. For P ;C; 4 h, (7) yields mass transfer rates in better agreement with observations than those given by (1), consistent with magnetic braking being the main cause of orbital evolution in longer period binaries. However, the derivation of (7) makes no direct use of braking theory, so the expression cannot be related to the field structure of the secondary or to the details of its wind flow. The basic wind theory for single stars was formulated by Parker (1963) . A hot stellar corona cannot be contained by the pressure of the surrounding interstellar medium, and so expands to generate a wind. Schatzman (1962) had pointed out that if a strong stellar magnetic field keeps a wind corotating with the star by magnetic torques out to large distances, then far more angular momentum per unit mass will be carried off than in a non-magnetic wind, in which the gas conserve!: its angular momentum. The theory of a steady, axisymmetric wind was formulated by Mestel (1967 Mestel ( ,1968 and Weber & Davis (1967) . The braking of late-type stars was considered by Mestel & Spruit (1987) ; this work will be most relevant to braking in binary stars since it formulates a fast rotator theory.
A hot expanding corona leads to some mass loss, driven by thermal pressure gradients and centrifugal acceleration. A small coronal mass flux and a moderate magnetic field result in highly conducting material being channelled along field lines which are only slightly distorted by the flow near the star. Field distortion becomes large when the kinetic energy density of the outflowing material becomes comparable to the poloidal magnetic energy density, equality occurring at the Alfven speed (8) where Bp is the poloidal magnetic field, p the density and Ito the permeability. The Alfvenic points, at which the poloidal speed vp reaches VA, constitute the Alfvenic surface SA' If. vp becomes a significant fraction of v A before a magnetic coronal loop starts to close, then the field is dragged out with the flow. Such open field lines form the wind zone. A dead zone is postulated, consisting of coronal loops which close sufficiently near the stellar surface to trap within them hot gas. The magnetic pressure exceeds the gas pressure in the dead zone.
Angular momentum transport occurs in the wind zone. Within SA the stellar magnetic field tries to bring the gas into corotation with the star. Beyond the coronal base the angular velocity of wind material, 0, lags that of the star, Os. The consequent shear generates toroidal field, B"" and the resulting BpB", stress gives a torque which acts to increase O. The reaction to this causes a decrease in Os. The star spins down on the braking time-scale Tbr which far exceeds the wind flow time-scale of -fJvp, where e is the distance along a field-streamline from the coronal base. The flow can therefore be treated as evolving on the time-scale Tbr through quasi-steady states. A lobe-filling secondary star in a close binary is expected to be kept near to orbital corotation by the tidal field of the primary star. Asynchronous motions result in internal dissipations which cause the tidal bulge to lag the motion of the line of stellar centres. The resulting gravitational torque spins the secondary towards synchronism. For orbital periods of P ::5 7 h, (5) shows that a main-sequence secondary will have a mass of Ms ::5 0.7 M0 and hence possess a deep convective envelope. A synchronized star would also be rapidly rotating, and such conditions favour dynamo action which can lead to a self-sustained magnetic field. An o:w-dynamo requires differential rotation, as well as turbulence, to operate. The secondary may retain some rotational shearing motions if a small radiative core is not completely synchronized, while the convective envelope is. Some differential rotation may remain in the convective region if the turbulent stress tensor has a nonstandard form, allowing turbulent motions to generate non-uniform rotation (Campbell & Papaloizou 1983) . Alternatively, an 0: 2 -dynamo may operate.
There would be some differences in the structure of a magnetically channelled wind between the cases of a single star and a binary star. In a binary system the presence of the primary star means that, even if the secondary had a magnetic field symmetric about its rotation axis, the wind would not be axisymmetric owing to the azimuthal dependence of the total gravitational field. Despite this, the fundamental effect of a magnetically influenced wind from a binary star should be the same as it is for a single star, namely the removal of stellar angular momentum.
Tidal torques, which keep the secondary near to synchronism, then lead to a continuous removal of orbital angular momentum with consequent mass transfer.
Magnetic braking has been related to the period gap in binary stars. This is the almost complete absence of observed systems with orbital periods in the range 2 to 3 h. The gap is believed to contain systems in which the secondary star is detached from its Roche lobe, so mass transfer, which is the main source of luminosity via accretion on to the primary, is absent. The current explanation of the period gap is that at a period of P -4 h the mass transfer time-scale TM -M.lIMs I, owing to magnetic braking, becomes :$T th, the time-scale for thermal adjustment of the secondary. The secondary is consequently driven out of thermal equilibrium and becomes over-luminous and over-sized for its mass. If, at around a period of 3 h, something happens to reduce magnetic braking sharply, then the orbital angular momentum loss will become controlled by gravitational radiation. The time-scale for Roche lobe shrinkage due to this weaker process is ;?; lOT th, so the star contracts back to its thermal equilibrium radius faster than its lobe shrinks and hence becomes detached. The resulting low-luminosity system subsequently evolves through the period gap, driven by gravitational radiation, until the secondary fills its lobe and resumes mass transfer at a period of -2 h.
Various mechanisms have been proposed to account for the necessary sudden decrease in the strength of magnetic braking at a period of -3 h. This period corresponds to a secondary mass of -0.3 M0' which is the mass at which a main-sequence star is expected to become fully convective. It has been suggested that when this state is reached the stellar dynamo begins to operate in a different way, causing a reduction in field strength and/or a change in field configuration, resulting in a lower magnetic torque (e.g. Spruit & Ritter 1983; Rappaport, Verbunt & Joss 1983) . If the dynamo mainly operated at the interface between the radiative core and convective envelope, existing whenMs > 0.3 M0' then the disappearance of this interface at Ms -0.3 M0 would cause a reduction in field strength. Taam & Spruit (1989) argue that a sudden decline in magnetic braking when the secondary becomes fully convective is more likely to be due to a change in field configuration, and illustrate the effect of this with higher multipole fields.
The present paper applies the magnetic braking theory of Mestel & Spruit (1987) to binary stars. It is necessary to specify a law relating the coronal base magnetic field strength, Bo, to the stellar angular velocity Os. In Section 2 relevant results from magnetic braking theory are gathered together. In Section 3 mass transfer rates are calculated for three different forms of dynamo law Bo = Bo(Os). Section 4 compares wind mass loss rates with mass transfer rates in each case, consistency requiring IMw I ~ IMs I. The mass transfer time-scales are compared with the thermal time-scale of the secondary, in relation to explanation of the period gap. The results are discussed in Section 5.
MAGNETIC BRAKING RESULTS
The magnetic wind model of Mestel & Spruit (1987) is summarized here, together with results which will be used in subsequent sections. The star is taken to have a magnetic field symmetric about its rotation axis. The wind is described in an inertial frame, with origin at the stellar centre, in which the stellar angular velocity is Osz. Polar and cylindrical coordinates, (r, 8, 1/» and ('Uf, 1/>, z) respectively, are used in the analysis. Well within the Alfven surface, SA, the poloidal field Bp is taken as dipolar out to a radius r, which corresponds to the equatorial boundary of the dead zone. Hence (9a, b) for r < r, where Rs is the stellar radius and Bo the polar field strength. The dead zone therefore consists of field lines emerging from the stellar surface nearer to the equator than to the poles. Beyond the surface r = r the poloidal field is represented by the radial structure
with the positive sign applying above the equatorial plane. The field structure is shown schematically in Fig. 1 . There is a cusp at C, and all field lines beyond r = r are in the wind zone. For highly conducting material the poloidal velocity tip is parallel to Bp. Conservation of mass per unit poloidal flux gives (11) constant along a field-streamline. Ideally, Bp should be calculated using the poloidal trans-B p component of the equation of motion (see Sakurai 1990 ). However, the foregoing simple field model should have the correct bulk features. In particular, although there is a discontinuity in Bp at r = r, the total mass and poloidal flux are conserved between the two regions. It is noted that the braking torque, given by (20), is not sensitive to the detailed field structure near r.
Material in the dead zone is in hydrostatic balance and is taken to be isothermal, with sound speed ad. Integration of the force balance along dipolar field lines, together with vertical continuity of the total pressure P + B212J1.o at the cusp, gives where
and Po is the density at the coronal base. If Bp is taken to change from dipolar to radial over a length-scale «r, then, except very close to the cusp C, the poloidal field is essentially dipolar as C is approached from r < r. It follows that r is related to 00, the angle that the limiting dead zone poloidal field line makes with Z (see Fig. 1 ), by
Rs
.
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The braking torque is given by the total rate of flow of angular momentum away from the star along open field-streamlines. The distributions of toroidal field and angular velocity, free of singularities at the Alfven surface SA' are
where cx is close to the stellar angular velocity Os. The poloidal flow speed is related to 0 through the energy integral
where a w is the sound speed in the wind zone, and E is constant along a field-streamline. The flow solution is fixed by the conditions
(15) (16) ( 17) where the flow passes smoothly through the slow and fast magnetosonic points [for a detailed derivation of (14)-(17) see Campbell (1997) and Mestel (1997) ].
The condition for no singularities at the Alfven point leads to the result
where {3 is the total rate of transfer of angular momentum per unit poloidal flux tube, carried jointly by the gas and magnetic stresses, and 'U1 A = r A sin 0 with r A the Alfven radius. This equation shows that the total angular momentum transport per unit flux tube is equivalent to that which would be carried by the gas if it were kept corotating with angular velocity Os out to the Alfven point.
The Alfven radius, which occurs in the radial flow regime, is given as a function of 0 by rA tw (Rs) [(Vth)2 O; R; . 20 ]-112
where r w is the wind zone equivalent of (12b), Vo is the coronal base value of vp, which is typically -0.15llw with llw the sound speed in the wind zone, and Vth is the Parker thermally driven wind.
Equation (19) shows that r A increases slowly as () is varied from the equator () = 7r12 to the rotation axis () = O. It is therefore a reasonable approximation to take the Alfven surface SA as a sphere of radius rA = rA(7r/2). The radial flow beyond f is taken to have speed vp(r) corresponding to its equatorial variation. The integral of (18) -J = 3 PAvArA 0srA' Since PAVA = ii//LoVA, -j can also be written 
Ensuring that the flow passes smoothly through the fast and slow magnetosonic points, for the case of a fast rotator (i.e. Os ;;:: 200 8 ), leads to VA = 0.5rAOs. Equations (22) and (23) to orbital corotation by tidal forces, then t orb = j, the loss rate of stellar angular momentum via magnetic braking. Equations (21c) and (24) yield (27) where B8 is the coronal base polar value of the Sun's magnetic field, and M8 is the solar wind mass loss rate. As the orbit evolves, with a nearly synchronous secondary having Os = 0, the stellar quantities Rs, Bo, Mw and"f will change as Ms and Os evolve. The total mass M = Ms + Mp can be treated as a constant provided that IMwl ~ IMsl, where Ms is the mass loss rate from the secondary via the Ll region induced by magnetic braking with tidal coupling. The ratio fIRs, occurring in (27) for j, is determined by the solution of (12). If the dead zone coronal base temperature, To, scales with Ms and Rs like the virial temperature, then (28) However, (2) shows that MslRs is approximately constant for lower main-sequence stars. Then if To is independent of Os (following Mestel & Spruit 1987) ad remains constant during orbital evolution. The factor M,IRsa~ in the first exponential in (12a) is therefore constant. The second exponential contains a factor R;O;la~. Equations (3) and (4) give R 2 02 = 0 lG (Ms) (29) s s .
Rs
and hence R;O;la~ remains constant during evolution.
This leaves the factor td /6 to be considered in (12a). Since the stellar magnetic field is expected to be dynamo-generated, the coronal base field Bo depends on Os. Several dynamo laws, Bo = Bo(Os), will be considered here. These take the form
where 1 ::0; n < 2. X-ray observations of late-type stars show a luminosity dependence Lx IX 0; (Pallavicini et al. 1981) , while variation of coronal emission is determined mostly by variation in the density Po, with Lx IX p~, so Po IX Os. Then, using Po IX MsIR~ together with (28) and (30), (12b) yields
where the last proportionality follows from the constancy of RsOs and M,IRs. For the above range of n, td /6 is therefore weakly dependent on Os.
The foregoing analysis showed that the coefficients M,IRsa~ and R;O; la~ occurring in the exponentials in (12a) remain constant during orbital evolution. Since tr 6 only depends weakly on Os, and occurs outside the exponentials, it follows that the solution TlRs will be very slowly varying as mass transfer occurs and can therefore be taken as constant.
The variation of the wind mass loss rate, Mw, can be considered next. Since the radial field region begins at r = r, Mw = 4'11"r2pv. The wind zone equivalent of (12b) 
JLQ(Po)waw
giving the ratio of the magnetic energy density to the thermal pressure at the coronal base. Using (32) and (34) in (31) yields
}Lo aw(tw)0 r
The orbital angular momentum follows from (2), (3) and (25) as
A lobe-filling secondary has Rs = RL which, together with (2) and (26), gives t orb _ (4 Ms) Ms
Equations (27), (36) and (37) enable expressions to be derived for Ms, for various dynamo laws.
Linear dynamo law
In the case of a linear dynamo law Bo(Os) is given by
Use of (33) and (38) in (27) 
The mass transfer rate follows from (2), (29), (35)- (37) and (39) 
where p. = M.lM, and the values 0 0 = 2.5 X 10-6 S-I and aw = 1.2 x 10 5 m S-I have been used. Since the gas can expand freely in the wind zone, its temperature should be lower than that of gas in the dead zone. Taking a~ = 2a;, (12b) and (34) give tw = 2td' (41) for uniform Po. For (td)0 = 30 the solution of (12a) There is some suggestion that stellar dynamos may saturate above a critical rotation rate Oe. Assuming that Po, and hence Mw, also saturates at 0e, for Os > Oe (27), (33) and (38) 
For the foregoing masses and (t w)0 = 16, this gives 1M. I = 1.2 X 10-11 ~ yr -I .
Inverse Rossby number law
As the secondary star transfers mass to the primary its spectral type will change as Ms decreases. The depth of the convective envelope will increase as Ms decreases towards ~0.3 M0 , at which mass the star is fully convective. This may affect the value of Bo, in addition to the effect of a change in Os. There is some observational evidence to suggest that Bo scales as the inverse Rossby number TeOs, where Te is the convective turnover time (Saar 1991) . This possibility is investigated here to compare its effects with those of the linear scaling (38). The rms convective speed in a region with no energy sources is given by simple mixing length theory as
where A is the mixing length, and other symbols have their usual meanings. Taking A as a pressure scaleheight gives
where C s is the adiabatic sound speed. Using P = (1Jt/p.)pT, with p. the mean molecular weight, and Te ~ Alve, (44) and (45) yield
where M(r) is the mass within a radius r. Relation (46) gives the radial variation ofTe, so to compare characteristic values of Te between stars of different masses consider the homologous scalings ?/M(r) oc R;/Ms, T oc M/Rs and p oc MslR; at a given point (e.g. near the base of the convection zone). This gives
Taking the approximate lower main-sequence mass-luminosity relation
it follows from (47) and (48) 
The rate of loss of orbital angular momentum is given by (27), (33) and (49) 
The foregoing parameters, with (t w)o = 16, then yield IMsl = 10-10 Mo yr-I in (51). If field saturation occurs at orbital periods longer than those of close binaries then, as in the previous case, smaller values of IMs I result.
Non-linear dynamo law
The previous dynamo laws give mass transfer rates with magnitudes at most comparable to those driven by gravitational radiation. A stronger dependence of Bo on Os is therefore necessary if magnetic braking is to explain the higher values of IMs I observed in systems with periods ;;;::3 h.
Consider the scaling :: = (~~r/4.
Equation (27) then gives
For a single star of essentially constant mass, this corresponds to the braking equation 
which is the Skumanich (1972) law. This case can therefore be compared with the work ofVerbunt & Zwaan (1981) , which employed such a braking law. Equations (37) and (53) give the mass transfer rate as M __ 6. 
s-q7l3(tw)~ 10 ,.
oyr .
For the foregoing parameters this yields IMsl = 7.5 x 10-9 Mo yr-I. This rate is rather high, but will be lowered if saturation occurs at Os = Oe. The resulting mass transfer rate is then
For the above parameters, together with Oe = 8000 , this gives IMsl = 9.5 x 1O-IO Mo yr-I.
Equation (55) for IMsl can be compared with (7), the latter being derived by Verbunt & Zwaan (1981) using the Skumanich law. The difference arises because (6), unlike (54), contains no information of the magnetic torque dependence on stellar parameters. In partiCUlar, a different dependence on /L results.
Having derived mass transfer rates using braking theory and various dynamo laws, the consequences of these can be investigated.
WIND MASS LOSS RATES AND THE THERMAL TIME-SCALE

Expressions for Mw and TIb
If there is no field saturation then the wind mass loss rate follows from (2), (29), (33) and (35) as
where p. = M,IM. In the case of field saturation at Os = Oe then, for Os > 0e, (2) and (48) 
The time-scale for mass transfer is TM = M,IIMs I, and the condition for the secondary to remain in thermal equilibrium during mass transfer is TM ~ Tth. The self-consistency and thermal eqUilibrium conditions are investigated for each dynamo law.
Linear dynamo
Equations (40) and (57) give
Since magnetic braking is believed to drive mass transfer above the period gap, the mass range 0.3 :s Ms :s 0.6 M0 is of interest here. Over this range, with M = 1.4M0 , (60) yields 9 x 10-3 < IMwi/iMsl < 8 x 10-2 , so justifying treating M as constant.
The ratio of the mass transfer time-scale to the thermal time-scale follows from (40) and (59) 
Inverse Rossby number case
Equations (51) and (57) 
Non-linear dynamo
In this case (55) and (57) give The above mass range then yields 1.1 x 10-4 < IMwi/iMsl < 3.5 x 10-4 . The time-scale ratio follows from (55) and (59) 
This yields 1.6 x 10-2 < TMIr th < 0.4, giving a secondary out of thermal equilibrium over the mass range 0.3 :5 Ms :5 0.6 Mo.
For the case of field saturation (56) and (58) 
which gives 5 x 10-4 < IMwi/iMsl < 3.6 x 10-3 . Equations (56) and (59) yield the time-scale ratio 
CONCLUSIONS
In all cases the mass loss due to the secondary's wind flow is ignorable over the binary's lifetime, so the total mass can be taken to be conserved. The simple linear dynamo law gives mass transfer rates that are at most comparable to those driven by gravitational radiation. This case can therefore not explain the higher values of IMs I believed to occur above the period gap. Also, the secondary is not driven sufficiently out of thermal eqUilibrium, as the period gap is approached, to explain subsequent detachment if magnetic braking is curtailed. The inverse Rossby number law leads to IMs I values that can exceed IMs Igr above the period gap, but are not large enough to explain the observed rates. In this case, as with the simple linear law, the secondary is not driven significantly out of thermal equilibrium.
The non-linear law Bo IX n~14 yields results that agree best with observations of mass transfer rates, and are consistent with theories of the period gap. The unsaturated case produces mass transfer rates as high as IMs I = 10-8 Mo yr-I , and a secondary that is well out of thermal equilibrium across its mass range. The saturated case yields 4 x 10-10 :$ IMslIMo yr-I :$ 4 x 10-9 for 0.3 < MslMo < 0.6, with the secondary being driven out of thermal eqUilibrium as a period of ~ 3 h is approached. This latter case is the most consistent with explanations of the period gap. A sudden reduction in magnetic braking at aroundMs = 0.3 Moleads to the over-sized secondary contracting back to thermal equilibrium on a time-scale Tth < M.lIMslgr, so Roche lobe detachment results (e.g. Taam & Spruit 1989) .
It is noted that magnetically driven mass transfer rates scale withBb, whereBo is believed to lie in the range 1 to 3 G. The valueBo = 1 G has been used here. If a value as high as Bo = 3 G is taken then the inverse Rossby number case gives IMs I in better agreement with observations, provided that there is no field saturation.
The extent of the dead zone is measured by the ratio rlRs' At an orbital period of 4 h a corotating secondary has ns = 174 no and so is a very fast rotator. Observations of rapidly rotating stars indicate that some matter can escape from the dead zone (Collier Cameron & Robinson 1989) . Presumably the high centrifugal force causes matter near r to escape from the magnetic constraint. This suggests that at close binary periods a value of rlRs nearer to 1 than to 10 is appropriate, consistent with the use of rlRs = 1.5 here.
